Background: This phase II study was designed to determine the efficacy of the mammalian target of rapamycin (mTOR) inhibitor everolimus administered daily with conventional radiation therapy and chemotherapy in patients with newly diagnosed glioblastoma. Methods: Patients were randomized to radiation therapy with concurrent and adjuvant temozolomide with or without daily everolimus (10 mg). The primary endpoint was progression-free survival (PFS) and the secondary endpoints were overall survival (OS) and treatment-related toxicities. Results: A total of 171 patients were randomized and deemed eligible for this study. Patients randomized to receive everolimus experienced a significant increase in both grade 4 toxicities, including lymphopenia and thrombocytopenia, and treatment-related deaths. There was no significant difference in PFS between patients randomized to everolimus compared with control (median PFS time: 8.2 vs 10.2 mo, respectively; P = 0.79). OS for patients randomized to receive everolimus was inferior to that for control patients (median survival time: 16.5 vs 21.2 mo, respectively; P = 0.008). A similar trend was observed in both O 6 -methylguanine-DNA-methyltransferase promoter hypermethylated and unmethylated tumors. Conclusion: Combining everolimus with conventional chemoradiation leads to increased treatment-related toxicities and does not improve PFS in patients with newly diagnosed glioblastoma. Although the median survival time in patients receiving everolimus was comparable to contemporary studies, it was inferior to the control in this randomized study.
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Glioblastoma (GBM) is the most common and aggressive adult primary brain tumor. 1 Despite recent advances in surgery and combined chemoradiotherapy, clinical outcomes remain poor. 2 Standard treatment consists of radiation therapy with concomitant and adjuvant temozolomide (TMZ) chemotherapy, resulting in a median progression-free survival (PFS) time of 6.7 months and median survival time (MST) of 16.6 months. 3 Considerable effort has been expended in better understanding the underlying biology of GBM to identify unique signaling pathways that may contribute to the aggressive phenotype of this malignancy, thereby potentially identifying novel therapeutic targets. Next-generation sequencing through The Cancer Genome Atlas has identified receptor tyrosine kinase signaling through epidermal growth factor receptor and phosphatidylinositol-3 kinase as a common, genetically altered node in GBM. 4 Mammalian target of rapamycin (mTOR) serves as a downstream, regulatory hub for many of these signaling pathways, and a considerable amount of preclinical data support the potential for this axis to serve as a therapeutic target, [5] [6] [7] [8] since it may contribute to radiation resistance [9] [10] [11] and angiogenesis, 12 pathological hallmarks of this tumor. Further, recent findings have identified certain mutations activating the Akt/mTOR pathway to be closely associated with TMZ resistance. 13 Collectively, by influencing tumor growth, therapeutic resistance, and the tumor microenvironment, the mTOR signaling axis represents an attractive therapeutic target in GBM.
Everolimus (RAD001), a derivative of rapamycin, is an oral inhibitor of mTOR that has demonstrated promising antitumor activity and has recently been approved by the FDA for several tumor types, including renal cell 14 and breast cancer, 15 pancreatic neuroendocrine tumors, 16 and subependymal giant-cell astrocytomas associated with tuberous sclerosis. 17 Our group has previously presented results of everolimus 10 mg/day with an acceptable toxicity profile from a phase I study combining everolimus with standard radiation therapy and TMZ in newly diagnosed GBM. 18 The current study reports results from the subsequent randomized phase II study evaluating the efficacy of this therapeutic strategy and further defines the toxicity profile of this regimen (NCT01062399).
Patients and Methods

Study Patients
Eligibility criteria were as follows: 18 years of age or older; Karnofsky performance status ≥70; centrally reviewed newly diagnosed, unifocal, supratentorial GBM; no prior chemotherapy, treatment with an mTOR inhibitor, or radiation to the head or neck area (except T1 glottic tumors); standard hematologic and metabolic panel within normal limits (absolute neutrophil count ≥1800 cells/mm 3 , platelets ≥100 000 cells/m 3 , hemoglobin ≥10 g/dL, prothrombin time/ international normalized ratio ≤1.5, blood urea nitrogen ≤30 mg/dL, creatinine ≤1.5 × normal range, bilirubin ≤1.5 × normal range, and alanine aminotransferase/aspartate aminotransferase ≤2.5 normal range); fasting cholesterol ≤300 mg/dL or ≤7.75 mmol/L; fasting triglycerides ≤2.5 × the upper limit of normal; no concurrent use of enzyme-inducing anti-epileptic drugs; no severe active comorbidity; no history of deep vein thrombosis or pulmonary embolism; no malignancy (within 3 y) except nonmelanomatous skin cancer or carcinoma in situ of the cervix or bladder; no pregnancy or lactation. Radiation therapy must have been initiated within 5 weeks after surgery. Also required was the submission of a paraffin-embedded tumor-tissue block with a minimum of 1 cm 2 of tumor surface area to allow for evaluation of O 6 -methylguanine-DNA methyltransferase (MGMT) methylation status, which was performed centrally.
All patients provided written informed consent. This study was approved by the institutional review board or the equivalent panel at each study center before patient enrollment.
Study Treatment
Radiation therapy was delivered using intensity modulation or 3D-conformal radiation therapy (60 Gy in 30 fractions of 2 Gy each). An initial target representing the T2/ axial fluid attenuated inversion recovery volume plus a tailored 2-cm margin was treated to 46 Gy in 23 fractions of 2 Gy each, followed by a 14-Gy boost (in 7 fractions of 2
Importance of the study
Glioblastoma remains an incurable disease with an urgent need for better treatment options. Standard therapy consists of surgical resection followed by radiation and concomitant and maintenance temozolomide. Incorporating molecular targeted agents into this regimen designed to modulate tumor-specific signaling pathways offers promise in furthering clinical response. Here, we present findings from the largest study evaluating the potential for mTOR inhibition to enhance therapeutic response in patients with newly diagnosed glioblastoma. As we were not able to demonstrate a clinical benefit with this regimen, this study definitively establishes the lack of efficacy of mTOR complex 1 inhibition in glioblastoma using rapalogs, serving as a framework to develop novel strategies for targeting this oncogenic pathway. Additionally, it emphasizes the continued need for randomized studies in the phase II setting, as the clinical outcome of the control group was superior to historical controls, suggesting that survival of glioblastoma patients may be continuing to evolve.
Gy each) to the contrast enhancing tumor plus a 2-cm margin. During radiation therapy, daily TMZ was delivered at 75 mg/m 2 . Adjuvant TMZ was delivered at 150-200 mg/m 2 on days 1 to 5 every 28 days for up to 12 cycles beginning 4 weeks after the completion of radiation therapy.
Patients were randomly assigned to receive either standard therapy or standard therapy combined with daily everolimus (10 mg) during concurrent chemoradiation and adjuvant TMZ. Prophylaxis against pneumocystis jiroveci pneumonitis/pneumocystis carinii pneumonitis (PJP/PCP) was strongly encouraged.
Patient Evaluation and Follow-up
At baseline, all the patients underwent a physical examination that included a neurologic assessment, complete blood counts, blood chemical analyses (including tests of renal and hepatic function and a lipid panel), and tumor imaging with either MRI (preferred) or CT, as well as a serum pregnancy test in women of child-bearing age. During radiotherapy, patients were assessed for adverse events weekly and underwent weekly complete blood counts and blood chemical analysis. During the maintenance phase of treatment, patients underwent blood counts and blood chemical analyses between days 21 and 28 of each cycle. A repeat tumor-imaging study and monitoring of adverse events were performed approximately 4 weeks after completion of radiotherapy and then before the initiation of cycle 3 of maintenance treatment (as well as before the initiation of cycles 5, 7, 9, and 11, if administered). Patients who completed adjuvant treatment underwent tumor imaging every 3 months for one year, then every 4 months for another year, then every 6 months until tumor progression. Response was assessed with the use of serial measures of the product of the 2 largest crosssectional diameters, and progression was defined using the Response Assessment in Neuro-Oncology criteria. 19 Since early reactions to radiotherapy may emulate tumor progression, investigators were encouraged not to declare tumor progression within the first 12 weeks after completion of radiotherapy unless there was a new lesion or neurologic worsening. 19 Toxic effects were recorded and graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.
Statistical Methodology
The primary endpoint of this phase II study was PFS, 20 defined as the time interval from randomization to disease progression or death due to any cause, whichever occurred first. Patients who were still alive without experiencing disease progression at the time of the analysis were treated as censored observations for PFS at the date of last follow-up. Patients were stratified according to recursive partitioning analysis (RPA) class (III vs IV vs V) 21 and then randomized using a permuted block design 22 at the time of registration to the control or experimental arm, with a 1:1 allocation ratio.
The primary objective was to determine whether the addition of everolimus would improve PFS in newly diagnosed GBM patients. Assuming exponential distributions for the PFS times with a median PFS time of 6.7 months for the control arm, it was hypothesized that there would be a 43% improvement in the median PFS time for the experimental arm, corresponding to a median PFS time of 9.6 months. This is equivalent to a hazard ratio (HR) of 0.7 for PFS for the experimental arm with respect to the control arm. With a one-sided significance level of 0.15, a total of 134 PFS events out of 180 eligible patients were required to detect the projected effect size with an 85% statistical power. Guarding against up to a 20% rate for ineligibility due to insufficient tissue, progression, death prior to randomization, or other reasons, the projected accrual for the phase II part was 225 patients.
Secondary endpoints included overall survival (OS), treatment-related toxicity, and correlation between MGMT methylation status and survival outcomes.
OS was defined as the time interval from randomization to death due to any cause. Patients who were still alive at the time of the analysis were treated as censored observations for OS at the date of last follow-up. PFS and OS rates by treatment arm were estimated using the KaplanMeier method. 23 The HRs for the treatment effect on PFS and OS, respectively, were calculated using the Cox proportional hazards model 24 and tested using the log-rank test. 25 Multivariate analyses were conducted using the Cox proportional hazards model to assess the adjusted treatment effects with the stratification factor and other patient pretreatment characteristics included as covariates. Differences in the severities of the reported treatmentrelated toxicities (grades <3 vs ≥3) between the treatment arms were tested using the chi-square test. The PFS and OS rates by MGMT methylation status (methylated vs unmethylated) were estimated using the Kaplan-Meier method, for the experimental arm, the control arm, and the study as a whole; the HRs on the effect of MGMT methylation status were computed using the Cox proportional hazards model and were tested using the log-rank test. Multivariate analyses were also conducted.
For all secondary endpoints, 2-sided tests with a significance level of 0.05 were used in the analyses.
Results
Patient Characteristics
Between December 19, 2012 and September 12, 2013, a total of 244 patients were initially registered to this study. One hundred and eighty-one (74.2%) patients were randomized, and 10 of these were subsequently found ineligible. Reasons for not being randomized and ineligibility after randomization by treatment arm are listed in Fig. 1 . Therefore, for the subsequent statistical analyses, there were 83 and 88 randomized and eligible patients for the control and experimental arms, respectively. Table 1 shows the distribution of patient pretreatment characteristics by treatment arm for all the randomized and eligible patients. The stratification factor, RPA class, was balanced between the treatment arms. Sixty-four (77.1%) of the patients in the control arm went on to receive adjuvant TMZ, while only 53
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(60.2%) in the experimental arm went on to receive adjuvant chemotherapy. The median number of adjuvant cycles was 4 for patients randomized to receive everolimus, compared with 6 cycles in the control arm. MGMT promoter methylation status was available on 78.3% and 71.6% of the patients in the control and experimental arms, respectively (Supplementary Table S1 ).
Toxicities
There was a statistically significant increase in treatmentrelated grade 3-5 adverse events in patients randomized to receive everolimus (n = 68, 80.0%) compared with the control arm (n = 33, 42.3%; P < 0.0001). For adverse events regardless of attribution to protocol treatment, there were 14 (17.9%) patients with reported grade 4 events and 1 (1.3%) with a reported grade 5 event in the control arm, compared with 26 (30.6%) and 10 (11.8%), respectively, in the experimental arm. The majority of the grade 4 events reported in the experimental arm involved bone marrow suppression, including lymphopenia (11.8% vs 3.8% in control) and thrombocytopenia (16.5% vs 5.1% in control). Of the 10 grade 5 events observed in patients randomized to receive everolimus, 4 events (respiratory failure, lung infection, scrotal infection, and meningitis) were deemed to be definitely, probably, or possibly related to protocol treatment, compared with 1 grade 5 event (sepsis) in the control arm. An expected increase in grade 1-3 hypertriglyceridemia was observed in the experimental arm (n = 53, 62.4%), compared with 16 (20.5%) in the control arm.
Supplementary Table S2 lists the reported highest grade adverse events regardless of relationship to protocol treatment by specific adverse events term, and Supplementary  Table S3 lists all reported grade 5 events with their relationship to protocol treatment.
Efficacy Outcomes
Of all the randomized and eligible patients for both arms, 36.3% were still alive at the time of this analysis, and the median follow-up time for these patients was 27.7 months, with a range of 0.1 to 36.7 months. The median PFS time for the control arm was 10.2 months with a 95% CI of 7.5 to 13.8 months, compared with a median PFS time of 8.2 months with a 95% CI of 6.5 to 10.6 months for patients randomized to receive everolimus ( Fig. 2A) . The HR for the treatment effect on PFS was 1.15 for the experimental arm with respect to the control arm, with a 95% CI of 0.82 to 1.60, and a one-sided P-value of 0.79. These results suggest that there is not a significant difference on PFS between the 2 treatment arms. The MST for the control arm was 
Discussion
A significant body of preclinical data, further strengthened by recent next-generation sequencing efforts, has provided a strong rationale for developing therapeutic strategies designed to target the mTOR pathway in GBM. Accordingly, several cooperative groups have attempted to translate RT = radiotherapy. *Stratification factor.
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clinical successes achieved in other tumor sites with rapamycin analog mTOR inhibitors to newly diagnosed GBM. The North Central Cancer Treatment Group recently presented phase II findings with weekly everolimus in nearly 100 newly diagnosed GBM patients, demonstrating no improvement in survival when compared with historical controls, with a median PFS and survival times of 6.4 and 15.8 months, respectively. 26 As daily dosing has evolved as the standard schedule for everolimus, 14, 15 which is supported by clinical pharmacokinetic/pharmacodynamic data, 27, 28 and in an effort to take advantage of the radiation sensitization potential of this agent, we performed this randomized phase II study using a daily everolimus schedule with standard chemoradiation that was deemed to be safe in a recent phase I study. 18 Unfortunately, this strategy did not lead to improved clinical outcomes, highlighting the clear challenge of targeting this signaling hub in GBM. Several factors may have contributed to the observed lack of efficacy of mTOR inhibitors in GBM. Although it is possible that there may be a limited capacity of these agents to cross the blood-brain barrier, molecular 29 and radiographic 26, 30 changes observed following administration of mTOR inhibitors do suggest intratumoral activity. Another possibility for the lack of efficacy may be attributed to compensatory Akt activation as a result of the S6 kinase/insulin receptor substrate 1 feedback loop driven by unregulated mTOR complex C2 signaling. 31 Therefore, one strategy to overcome this is through dual inhibition of mTOR complex 1 and mTOR complex 2, thereby preventing feedback loop activation of Akt. Further, identifying a specific molecular subtype that accurately predicts response to mTOR inhibitors and enriching for such patients in subsequent clinical trials may be another strategy to achieve a therapeutic benefit from these agents.
As an initial application of mTOR inhibitors involved their role as an effective immunosuppressive therapy following organ transplant, 32 the potential of these agents to increase the risk of infection is a clear concern when used in cancer therapy, as has been demonstrated with the mTOR inhibitor temsirolimus (CCI-779) in newly diagnosed GBM. 33 Similarly, in a phase I study, significant myelosuppression was observed when combining everolimus with the maximal dose of TMZ in GBM patients. 34 In our study, we observed a significant increase in treatment-related mortality in patients randomized to everolimus. Of the 10 reported cases, 4 were deemed potentially related to treatment and 6 of the events were described as either being infectious or respiratory in etiology. These findings, along with the noted increases in generalized grade 3-4 toxicities associated with everolimus in combination with TMZ and radiation tempers further study of this regimen in newly diagnosed GBM, even if a select molecular subtype sensitive to this regimen were to be identified. The European Organisation for Research and Treatment of Cancer recently presented data evaluating the combination of temsirolimus with radiation alone in newly diagnosed GBM patients without MGMT promoter hypermethylation, 35 thereby obviating the need to include TMZ and the toxicities associated with this combination. This regimen was determined to be well tolerated, and although this study did not improve survival compared with patients randomized to receive standard radiotherapy and TMZ, phosphorylated mTOR was identified as a potential predictive factor of temsirolimus and worthy of further investigation.
Although the survival of patients randomized to receive everolimus was comparable to contemporary results, the control arm had an unexpectedly high PFS and OS that interestingly would have signaled a positive study if achieved in the experimental arm. These findings reiterate the lack of reliability of single-arm phase II studies in newly diagnosed GBM. As the treatment arms were well matched, including stratification by RPA class and post-hoc evaluation of MGMT hypermethylation status and therapy after progression (Supplementary Table S4 ), it is difficult to reconcile this difference. Factors that may have contributed to this discrepancy are actively being investigated, as identifying and considering additional prognostic factors may inform better phase II trial designs in the future. However, as this was a randomized study, the possibility of everolimus contributing to a detriment in survival needs to be considered, which could be supported by the increased toxicities, including increased lymphopenia, and decreased number of adjuvant TMZ cycles received in these patients.
Conclusion
The combination of everolimus with standard radiation therapy and TMZ led to increased toxicity and no clinical benefit in patients with newly diagnosed GBM. Based on the observed increase in toxicities when combined with TMZ, continued efforts in targeting this pathway may potentially be performed in patients with MGMT unmethylated tumors, where TMZ may be excluded or patients enriched with a specific molecular subtype predicted to respond to this combination. Further, trials testing dual mTOR complex 1/2 inhibitors 36 or combining an mTOR inhibitor with an additional targeted agent designed to overcome acquired resistance may also be worthy of further investigation in this subset of GBM patients.
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Supplementary material is available at Neuro-Oncology online.
